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Abstract—We report high speed electro-absorption modulators
(EAMs), designed, fabricated and characterized within an open
access generic foundry process. The EAM as a new building block
(BB) is optimized in the existing platform, in which other BBs are
established. By optimizing the EAM design layout, we show a static
extinction ratio (static ER) of 18 dB, a low DC bias voltage below
1 V at increased temperature, as well as operation in a semi-cooled
environment, tested in the range of 20–60oC. Furthermore, we
improve the intrinsic S-parameter response with a co-design
circuit. The intrinsic 3-dB bandwidth of a 100 µm-long EAM is 17
GHz. When measured with the EAM submount design, it is
increased to 24 GHz. Simultaneously, the return loss bandwidth is
improved by a factor of 2.5 staying below -10 dB up to 20 GHz.
Through the realization of the EAM submount design we achieve
a three time speed increase of the existing platform, from
previously offered 9 GHz (using an electro-optical modulator) to
24 GHz shown in this work.
Index Terms—photonic integrated circuits, electro-absorption
modulators, high speed integrated circuits

I. INTRODUCTION

C

OMMUNICATION demands have been pushing the
progress of photonic integrated circuit (PIC) technology
requiring higher speed and lower energy for system-on-chip
designs [1]. The solution for telecommunication’s ever
increasing demand for capacity can be found in 1) higher
bandwidth per channel [2], 2) higher number of channels [3],
and 3) using increasingly complex modulation formats [4] [5].
Wavelength division multiplexing (WDM) is a common
technique of combining many channels on a single chip. The
increase in total chip capacity requires the integration of many
active (laser, modulator, amplifier) and passive components
(coupler,
arrayed
waveguide
grating,
multimode
interferometer, etc.) on a single chip. Open access foundry
enabled PICs have demonstrated an aggregate capacity of 300
Gbps [6] [7]. Small building block footprint is preferred when
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it comes to densely packed PICs. For high speed operation an
electro-absorption modulator fulfills the requirement. State-ofthe-art EAMs have a separately grown layer stack for a minimal
insertion loss using a butt-joint or selective area growth
technique [8], a high number of quantum wells (QWs) for high
extinction ratio [9], quantum wells based on aluminum
quaternaries (InGaAlAs rather than InGaAsP) for a steep
extinction ratio curve and reduced saturation effects [10], and a
thick dielectric for improved high-frequency performance.
Nevertheless, in order to integrate it in a generic photonic
platform, certain compromises need to be made. The challenge
lies in introducing a new component while keeping the same or
improving the platform performance. Using the InP-based
active-passive generic integration platform of TU Eindhoven
and Smart Photonics [11] [12] we focus on increasing the speed
of the current platform by introducing an electro-absorption
modulator as a new building block
The existing epitaxial layers [12] offered in the open access
multi-project wafer run [13] are used for the EAM building
block. Its integration with a widely tunable laser, comprising of
semiconductor optical amplifiers, multimode interferometers,
phase shifters and passives, has been demonstrated inside the
platform [14]. Different methods of the EAM submount designs
are described in [15], investigating different options for the
electrical circuit design. The EAM dynamic characterization
has been reported in [16], demonstrating 32 Gbps error-floor
free transmission up to 4 km (maximum bit-rate limited by the
measurement equipment).
A detailed design of the new building block for high speed
operation is presented in Section II. The characterization of its
static parameters, such as static extinction ratio, EAM on-state
insertion loss and DC bias voltage are described in Section III.
The temperature variation effects are typically mitigated by
a thermo-electric cooler (TEC), however this not only increases
power consumption, but also the packaging cost. A modulator
which can operate in a wide temperature range is advantageous
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as it will decrease the overall power consumption. Therefore,
we look at the modulator’s performance in a semi-cooled
environment.
The chirp parameter is measured and described in Section IV.
In transmission through a standard single mode fiber (SSMF)
dispersion at 1.55 µm broadens the signal. A negative chirp
value is desirable as it can compensate for SSMF dispersion,
and therefore extend the reach.
Section V describes the EAM submount design, and the
extraction procedure of modulator electrical parameters for 3dB bandwidth optimization. The described submount design
creates a resonant peaking in the recorded electro-optical
response, improving the overall bandwidth.
Section VI summarizes a trade-off between the static
extinction ratio and electro-optical bandwidth, for optimized
modulator performance.
II. BUILDING BLOCK DESIGN
The current InP generic integration platform is based on an
n–doped substrate, where the epitaxial growth of active and
passive sections is integrated using a butt-joint technique. The
existing layer stack for amplifiers/lasers, centered around 1.55
µm, is used for the modulator structure as well. When reversely
biasing the EAM, absorption changes with the applied electric
field, known as the quantum-confined Stark effect (QCSE). The
p-i-n layers are designed to form a deeply etched ridge
waveguide with a nominal width w = 1.5 µm, and a typical
thickness of the intrinsic region d ~ 500 nm. The top metal is
placed on top of a dielectric, in order to reduce modulator access
pad capacitance, discussed in detail in Section V. Its footprint
should be as small as possible and is limited by the requirements
for the wire-bonding. Fig. 1 shows a top view photograph of the
fabricated EAM chip integrated with passive waveguides. The
chip width is 1.5 mm and its length is 4 mm. Anti-reflection
(AR) coatings are applied on both sides of the chip to suppress
the reflection loss and avoid multiple optical paths in the
modulator section. Short isolation sections next to the MQW
region are included for electrical isolation. The access pads are
designed in a ground-signal-ground (GSG) configuration,
where the ground is placed on n-InP for access to the top ncontact.

depends on the QW absorption Δα determined by the material
properties, the confinement factor Γ of the optical mode inside
the QWs, and the length of the modulator section L. Using the
existing epitaxial structure in the generic photonic platform, we
vary the length of the EAM from 50–250 µm.
A. Experimental setup
An external widely tunable laser source (1490–1610 nm) was
used to inject light into the modulator section, setting the laser
output power to 0 dBm. At the input of the EAM a polarization
maintaining lensed fiber is edge-coupled and aligned to the TE
orientation, as the QCSE-induced absorption is polarization
dependent. The output chip power is recorded with a power
meter. The fiber coupling lead to ~4 dB coupling loss at each
facet. The transmission loss in the passive waveguides
integrated with the EAM is 0.23 dB for 1.4 mm waveguide
length, consistent with foundry expectations. The
measurements are carried out at room-temperature without
temperature stabilization, except for the temperature
dependence measurement.
B. Static extinction ratio and on-state insertion loss
The static ER is found from the wavelength dependent
transmission response, shown in Fig. 2a. We record the output
optical power dependence on the applied voltage ranging from
0 to -6 V with a step of 0.1 V. The measurement includes
coupling and transmission loss. The wavelength dependence of
the static ER depends on the device structure (w, L) and on the
operating conditions: the detuning (Δλ) between the modulator
bandgap and the operating laser wavelength. The EAM
bandgap is set at 1.55 µm, hence it operates in the L-band. For
(a)

III. STATIC PARAMETER CHARACTERIZATION
The total insertion loss is defined as the ratio of the output
over the input light intensity, and gives information about the
total losses in the system as a function of the applied DC bias
voltage. The ratio of the output power at different bias points
and at V = 0 V gives the static extinction ratio. The static ER

Fig. 1. Top view of the fabricated EAM chip with two modulators.
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(b)

Fig. 2. The recorded output power as a function of the reverse DC bias for
(a) a different detuning and 100 µm-long EAM, and (b) a different
modulator length at 40 nm fixed detuning.
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(a)

(b)

Fig. 3. (a) Measured on-state insertion loss depending on the detuning
from the incident light and the EAM length. The values are in the range of
0.5–9 dB. (b) The static ER over ILON for various detuning and EAM
length.

a dense WDM operation in the C-band, the bandgap could be
changed to lower values, around 1.5 µm, with no significant
influence on the performance.
Fig. 2a shows that a large detuning of 60 nm reduces the
insertion loss, but degrades the static extinction ratio.
Therefore, a higher reverse bias is needed to achieve the same
operating condition. For lower detuning the exciton peak is
more pronounced, which is visible for detuning below 45 nm.
Fig. 2b shows the static extinction ratio for different EAM
lengths at 40 nm detuning. For 50–250 µm modulator length we
obtain 4–18 dB static ER, respectively.
Together with the static ER the on-state insertion loss (ILON)
needs to be determined. The on-state insertion loss represent the
losses inside the active section at V = 0 V. Fig. 3a shows ILON
change with the detuning and the EAM length. A longer
modulator gives a larger ER, but also a larger ILON. Therefore,
a trade-off exists between the static ER and the on-state
insertion loss. For this reason, a figure of merit ER/ILON is
introduced and shown in Fig. 3b. A detuning of 30 nm results
in a figure of merit of ~2, while a 60 nm detuning for a 250 µmlong EAM gives a figure of merit of 14.

Fig. 4. The optimal DC bias voltage depending on the detuning and the
modulator length.

from Δλ = 60 nm to Δλ = 30 nm cuts the required DC bias
voltage in half, from -3 V to -1.5 V.
For a low-voltage operation both a small detuning and a long
modulator section are required. However, the figure of merit
ER/ILON has its maxima for a higher detuning, see Fig. 3b.
Therefore, another compromise between the optimal DC bias
point and the ratio of ER/ILON exists, depending on the system
requirements. For a DC bias operation above -2 V, the factor
ER/ILON can be maximized to 14 and the optical amplification
in the system is lowered. On the other side, for DC bias voltage
minimization, optical amplification is needed reducing the
figure of merit ER/ILON.
D. Temperature dependence
The choice of the applied DC bias voltage becomes more
challenging in a temperature varying environment. The
(a)

(b)

C. Optimal DC bias voltage
Determining the required DC bias voltage is important for
the driving electronics. In practice, the smaller the value the
better for the electronic circuit. The optimal DC bias point is
found from the minimum of the transfer curve first derivative,
i.e. inflexion point, shown in Fig. 4. A difference in detuning

Fig. 5 (a) Transmission curve temperature dependence for 100 µm-long
EAM at 50 nm detuning. (b) Temperature influence on the on-state insertion
loss for 100µm-long EAM and various detuning.
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(a)

(b)

Fig. 6. Optimum DC bias as a function of temperature for two different
modulator lengths.

modulator temperature dependence is tested by temperature
control of the copper chuck on top of which the chip is
positioned. The shift of the transmission curve is presented in
Fig. 5a for a semi-cooled operation (20–60oC). The static ER
over the whole measured temperature range stays constant at ~7
dB for the 100 µm-long EAM. A higher temperature change
will shift the absorption peak to lower energies, thereby
modifying the transmission curve. As the temperature increase
has a similar impact on the detuning reduction, we observe a
higher on-state insertion loss, but a significant gain in the
optimal DC bias voltage, following the inflexion point in Fig.
5a. A summary of the on-state insertion loss values is presented
in Fig. 5b. Even for detuning above 50 nm ILON stays below 9
dB in the whole measured temperature range.
The reduction of the optimal DC bias voltage is observed for
the reference 100 µm-long EAM, where the inflexion point at
60oC is at -0.75 V, as opposed to -2.3 V at room temperature
and 50 nm detuning, depicted in Fig. 6. The minimization in
required DC bias voltage is in this case achieved at the cost of
a higher insertion loss. At moving to even higher temperatures
would further reduce the DC bias voltage, at the expense of an
increased insertion loss.

According to the Kramers-Kronig relations, a variation of the
imaginary part of the dielectric constant (the absorption) results
in a variation of its real part introducing a phase modulation,
also known as chirp. This effect can be approximated by the
chirp parameter αH:
𝛥𝑛𝑟
𝛥𝑛𝑖

=

4𝜋 𝛥𝑛𝑟
𝜆0 𝛥𝛼

interferometer (MZI), and eliminate the amplitude modulation
is shown schematically in Fig. 7a. At two points, A and B, the
transfer function (H) is linear, and the measurement at these two
points allows for the amplitude modulation elimination. The
resulting photocurrent in the photodetector is proportional to
the phase variations of the optical signal.
The measured chirp parameter versus the applied DC bias
voltage is presented in Fig. 7b, at different detuning
wavelengths. The point of interest for the chirp parameter is
zero-crossing and its negative values. However, this happens
for V >2.2 V at 40 nm detuning. With the on-off keying (OOK)
modulation, the chirp will play an important role, as it will
change from positive to negative when the drive voltage swing
changes from 0 to -4 V.
V. ELECTRONIC-PHOTONIC CO-DESIGN

IV. CHIRP PARAMETER

𝛼𝐻 =

Fig. 7. (a) The measurement setup for the chirp characterization. (b) Chirp as a
function of the applied DC bias voltage and for different detuning.

(1)

where Δnr is the real part refractive index change, and Δα is the
absorption change. From Eq. 1 the chirp depends largely on the
material properties and the detuning wavelength. A
combination of the applied DC bias voltage and the detuning is
a practical solution for making the chirp parameter more
negative for SSMF dispersion compensation.
A. Characterization setup and results
The measurement technique used to determine the chirp
parameter is described in [17]. The method to detect a phase
modulation with an external tunable Mach-Zehnder

The electronic-photonic co-design is the key for a bandwidth
improvement and the electrical signal integrity preservation.
The parasitic reactance and the impedance mismatch,
originating from interconnects between the electronic and
photonic ICs, can degrade the modulating waveform due to
reflections and overshoot. The optical modulation and the
reflected RF electrical signal are compared to the input RF
electrical signal to determine the electro-optical (E/O)
transmission (S21) and reflection (S11) coefficient, i.e. the
scattering (S) parameters of the device.
The method developed in [18] allows to directly extract the
parameters of the access pad, shown in Fig. 8, from its open and
short circuit. The methodology considers that all the parameters
are frequency independent. The device bandwidth is defined as
the frequency range over which the magnitude of the S21
response remains within 3 dB with respect to the S21 value at f
= 0. Representing the EAM as a lumped RC-network element,
and considering its resistance is negligible compared to the
source Rs and load impedance RL, shown in Fig. 8c, the EAM
bandwidth is given by:
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available bandwidth, therefore its reduction is critical. Placing
it on top of a thick polyimide layer (value range in the platform
0.3–2 µm) results in a calculated value of Cpad = 64 fF for the
best case of 2 µm dielectric height. For n–substrate, a thicker
dielectric layer could further decrease the pad capacitance.

(a)

Rpad (Ω)
1.5
(b)

Lpad (nH)
0.003

Gpad (mS)
0.03

Cpad (fF)
103

Table 1. Extracted RLGC parameters of the access pad.

De-embedding the access pad from the total measured EAM
structure gives the EAM equivalent electrical circuit’s
parameters, shown in Table 2. The Table compares the
modelled and measured 3-dB bandwidth of the intrinsic and
loaded (50 Ω) EAM.
(c)

Fig. 8. (a) Top view of the fabricated 100µm-long EAM, and an SEM photo
of the access pad and the EAM cross section. (b) Small signal equivalent
electrical circuit of the EAM and the access pad with a source impedance Rs
and the load impedance RL. (c) Bright I-V curve for 250 µm-long EAM and
various detuning wavelengths.

𝑓3𝑑𝐵 =

1
−1
1
2𝜋(
) (𝐶𝑚 +𝐶𝑝𝑎𝑑 )
𝑅𝑠 +𝑅𝐿

(2)

where the EAM resistance Rm includes p-InP, and the
capacitance Cm represents the depletion of intrinsic i-InP
region. From Eq. 2 the reduction of the total capacitance leads
to a bandwidth increase. As the EAM capacitance can be
represented with a parallel plate approximation, increasing iInP thickness and decreasing component dimensions will lead
to the Cm decrease. However, the increase of i-InP thickness
leads to a field strength decrease inside the quantum wells. The
model does not include the generated photocurrent, as its value
stays below 0.65 mA for the longest measured EAM, shown in
Fig. 8d.
A. Equivalent electrical circuit
The S11-parameter of the EAM device is measured using
Agilent 67 GHz Vector Network Analyzer (N5227A PNA),
probing the EAM directly on-chip. A DC bias voltage is set to2 V for the model extraction, taken from the static parameter
optimization. The extraction and optimization process are done
in ADS [19] matching the real and imaginary part of the
measured and modelled Y and Z-parameters. The access pad is
represented as a lossy RLGC-network element (Table 1). Rpad
and Gpad represent the lossy part of the access pad, electrical and
dielectric loss, respectively. The conductance value Gpad is very
low and can be neglected.
The access pad capacitance Cpad will influence the overall

L (µm)

Rm (Ω)

Cm (fF)

50
100
150
200
250

11.3
5.3
4.8
4.9
4.1

63
134
180
323
391

f3dB_int_model f3dB_int_meas f3dB_50Ω_meas
(GHz)
(GHz)
(GHz)
19.2
22
45
13.4
17.4
28.5
11.2
13.4
23.4
7.5
8
17.4
6.4
7.6
13.6

Table 2. The extracted EAM parameters, and comparison of 3-dB
bandwidth from the model and measured (intrinsic-load free and with 50 Ω
parallel termination load inside the RF probe).

B. 3-dB bandwidth
A commercial O/E calibration module (70 GHz bandwidth
photodetector) was added for the electro-optical bandwidth
measurement. The intrinsic (load-free) measured and calculated
(a)

(b)

Fig. 9. Measured E/O 3-dB bandwidth of the (a) intrinsic electro-absorption
modulator (b) tested with a 50 Ω parallel resistor inside the high-frequency
probe.
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3-dB modulator bandwidth are summarized in Table 2. The
calculated values are estimated from the extracted RC-model.
The EAM impedance is lower than the source impedance of
50 Ω, causing a mismatch and creating reflections. To suppress
the back reflection to the driver, the same measurement was
repeated with an RF probe, which has a 50 Ω parallel
termination load integrated inside it.
The measured E/O response is shown in Fig. 9. Intrinsic
(load-free) bandwidth of the EAM is presented in Fig. 9a,
whereas Fig. 9b shows the measurement with the 50 Ω parallel
termination in the RF probe, improving the frequency response
about a factor of two. For lengths ranging from 250 to 50 µm,
load-free EAM provides 5–25 GHz bandwidth, and 14–45 GHz
with parallel 50 Ω termination load. An excellent match is
achieved between measured and calculated values, seen in
Table 2, which validates the accuracy of the model.
C. EAM submount design
The EAM submount design is made to improve both the E/O
bandwidth and the reflection parameter. All the elements are
mounted on the CuW carrier platform (Fig. 10a). At the input a
grounded-coplanar-waveguide (GCPW) transmission line is
(a)
200µm

EAM

input GCPW
alumina

decoupling
capacitance +
termination load

(b)

(c)

Fig. 10. (a) Fabricated EAM wire-bonded with the EAM submount. (b)
Measured and simulated reflection parameter (S11) of 100 µm-long EAM in
two configurations: 50 Ω parallel load inside the RF probe and the EAM
submount design. (c) E/O bandwidth of the intrinsic, 50 Ω parallel probe
terminated and the EAM submount.
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designed on alumina (Al2O3) to have a characteristic impedance
of 50 Ω and keep the signal integrity at the modulator input. The
GCPW line and the EAM are connected with a gold wire wedge
bond. A 50 Ω termination load is placed after the EAM chip.
The power absorbed in 50 Ω termination load has a strong
impact on the thermal properties of the module. A broadband
decoupling capacitance is placed before the load to avoid the
DC power dissipation in the termination load.
The combination of inductive elements (wire bonds ~100
nH) at the input and the output of the modulator, and the EAM
junction capacitance create a peaking in the E/O response. The
intrinsic E/O bandwidth of the EAM is improved with the EAM
submount compared to the load-free case (Fig. 10c). An
improvement of 7 GHz is obtained, approaching the value of 28
GHz measured with 50 Ω termination inside the RF probe. The
frequency range in which the reflection coefficient stays below
-10 dB is increased with the EAM submount design to 20 GHz,
seen in Fig. 10b. An improvement by a factor of 2.5 compared
to the 50 Ω parallel load in the RF probe is achieved.
VI. PLATFORM ASSOCIATION
The relative success of our approach in terms of platform
integration is seen in the advantage of using the existing
epitaxial layer stack, using the maximum of the platform
offerings. We obtain the increase in speed by a factor of 3
compared to the currently offered Mach-Zehnder modulators
[12]. The integration of a new building block does not have any
impact on the performance of other building blocks and its
integration with both actives and passives is demonstrated in
this and previous work. Such a modulator structure is ready for
use in transmitter integrated circuits, where high speed
operation is needed.
With the example of the transmitter device, one can make a
trade-off between the EAM length, its capacitance, the static
extinction ratio, and the 3-dB bandwidth in conjunction with the
DC bias and drive voltage and the source impedance. Out of
these, two most important parameters can be chosen: the
extinction ratio and the bandwidth. Fig. 11 shows the measured
values for the two parameters (dots) depending on the
modulator length. The results are presented for 40 nm detuning
wavelength. A clear trade-off between the two is observed. The
line for the static ER is its linear fit versus the EAM length, and
the dashed line corresponds to the measured load-free 3-dB

Fig. 11. The trade-off between the static extinction ratio and the
intrinsic (load-free) EAM bandwidth at 40 nm detuning.
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EAM bandwidth. On n-substrate the access pad alone will limit
the bandwidth to around 30 GHz.
To achieve a static extinction ratio as high as 20 dB, a 200
µm-long EAM is needed and the resulting intrinsic (load-free)
bandwidth is 8 GHz (17 GHz with 50 Ω parallel load), Shorter
modulators of 50 µm provide 22 GHz bandwidth (45 GHz with
50 Ω parallel load), but only 4 dB static ER. In order to get the
best out of the two, a separate EAM layer stack is feasible. It is
technologically challenging to use a separate EAM layer stack,
as it may require an additional regrowth step. If the EAM
resistance and junction capacitance of such an optimized stack
are kept the same, the RF-response would remain unchanged
and the extinction ratio would improve.
VII. CONCLUSION
This paper introduces a new building block, an electroabsorption modulator, inside a foundry platform for photonic
integrated circuits, focusing on platform speed increase. The
electro-absorption modulator is now a part of the building block
library, and can be used by external parties. An optimization
framework for designing high speed electro-absorption
modulators is proposed. We demonstrate 18 dB static extinction
ratio, semi-cooled operation tested up to 60oC and zero or
negative chirp parameter for the optimal DC bias voltage. For a
properly chosen detuning wavelength and temperature, a bias
voltage of -0.75 V is achieved, compared to -2.3 V at room
temperature. The intrinsic 3-dB bandwidth of the shortest
reported modulator (50 µm) is 22 GHz, and with 50 Ω parallel
termination it exhibits 45 GHz bandwidth. In order to improve
the reflection parameter, we have designed an EAM submount
keeping the return losses lower than -10 dB up to 20 GHz, an
improvement by a factor of 2.5 compared to the on-chip
measurement. The E/O bandwidth in this case is 24 GHz. By
making the electrical co-design we improve the speed of the
open access photonic integration platform. The increase in
speed is observed through the available intrinsic bandwidth, and
is improved from 9 GHz, previously offered by the platform, to
24 GHz demonstrated in this work.
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